
JOURNAL OF VIROLOGY, May 1981, p. 720-727 Vol. 38, No. 2
0022-538X/81/050720-08$02.00/0

Structure and Functions of the Kirsten Murine Sarcoma Virus
Genome: Molecular Cloning of Biologically Active Kirsten

Murine Sarcoma Virus DNA
NOBUO TSUCHIDA* AND SEIICHIRO UESUGIt

Wistar Institute ofAnatomy and Biology, Philadelphia, Pennsylvania 19104

Received 2 December 1980/Accepted 19 January 1981

The unintegrated closed circular form of viral DNA prepared from NIH3T3
cells infected with Kirsten murine sarcoma virus was cloned into bacterial plasmid
pBR322. The closed circular DNA, which consisted of two different-sized popu-
lations, was enriched from the virus-infected cells, linearized with BamHI, and
inserted into pBR322 DNA. Four different recombinant DNAs (clones 2, 4, 6, and
7) were obtained, and a physical map of each was constructed by using various
restriction enzymes. Clone 4 DNA had the largest insertion, corresponding to a
complete copy of the linear DNA. This suggested that this insertion contained
two copies of the 0.55-kilobase pair long terminal redundant sequence. Clone 2
and clone 6 insertion DNAs had deletions of 0.2 and 0.5 kilobase pair, respectively,
which mapped near the right end (3' side of viral RNA) of the linear DNA. Clone
7 DNA appeared to have a deletion of a single copy of the large terminal
redundant sequence. Transfection of BALB3T3 cells with the clone 4 DNA
insertion showed that this DNA had transforming activity. The efficiency of
transfection with clone 4 Kirsten murine sarcoma virus DNA was enhanced
eightfold by inserting EcoRI-cleaved viral DNA into the EcoRI site of pBR322.
The EcoRI-inserted DNA produced foci with single-hit kinetics, suggesting that
a single molecule of Kirsten murine sarcoma virus DNA can induce transforma-
tion. Results of transfections with EcoRI-inserted Kirsten murine sarcoma virus
DNA cleaved with various restriction enzymes suggested that the first 3.3-kilobase
pair region at the left end of the linear DNA is important for the initiation of
transformation or maintenance of transformation or both.

The genomes of murine sarcoma viruses
(MSVs) contain sequences derived from host
cell genomes and from portions of helper murine
leukemia virus genomes (5, 7, 10, 22, 30). Thus,
these viruses are replication defective. Accu-
mulating evidence suggests that the transform-
ing sequences of the sarcoma viruses reside in
the genome portions derived from host cells (2,
3, 20, 33).
When replication-defective Harvey MSV or

Moloney MSV infects mouse cells, one linear
DNA and two closed circular viral DNAs are
synthesized (12, 14, 29), as reported for other
replication-competent retroviruses (28). The lin-
ear DNA has two copies of a long terminal
redundant (LTR) sequence approximately 0.6
kilobase pair (kbp) long, which have the same
orientation at each end of the molecule. One of
the circular molecules has the same structure as
a linear molecule joined head to tail, i.e., two
adjacent LTR sequences. The other circular
molecule has only one copy of the LTR se-
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quence, and thus its molecular weight is less by
the molecular weight of the LTR sequence.

Kirsten MSV (Ki-MSV) is one of the replica-
tion-defective MSVs (17). We have identified
the linear and closed circular forms ofviralDNA
in Ki-MSV-infected mouse cells (31). In the
work reported here, we further characterized the
closed circular DNA and found two different-
sized circular DNA species. To investigate the
fine structure of the circular DNAs and to elu-
cidate the functions of each segment of the Ki-
MSV genome, the circular molecules were
cloned into bacterial plasmid pBR322 at a
unique restriction site. We isolated four different
cloned DNA molecules, one of which appeared
to have a complete copy of the linear DNA. We
used this molecule to determine which segment
was responsible for viral transformation of fibro-
blasts.

MATERIALS AND METHODS
Cels and viruses. The mouse cell line 58-2T,

which continuously produces more than 40 times as
much Ki-MSV as helper murine leukemia virus, was
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the source of Ki-MSV used to infect NIH3T3 cells
(31). BALB3T3 clone A31 (1) was used for transfection
experiments with Ki-MSV DNA. All cells were grown
in Eagle minimal essential medium containing 10%
fetal bovine serum and 20 ug of gentamicin per ml.

Preparation of closed circular Ki-MSV viral
DNA. NIH3T3 cells were grown in 300 1-liter culture
bottles to one-third confluency. Cells were infected
with Ki-MSV at 5 focus-forming units per cell in the
presence of 2 pg of Polybrene per ml. At 20 h postin-
fection, the fraction containing unintegrated Ki-MSV
DNA was prepared by a modification of the procedure
of Hirt (15, 31). The Hirt supernatant fractions were
centrifuged for 13 h at 180C and 23,000 rpm in a
Beckman SW27 rotor in 5 to 20% sucrose gradients
containing NTE buffer (0.01 M Tris-hydrochloride,
pH 7.0, 0.1 M NaCl, 10 mM EDTA) and 0.2% sodium
dodecyl sulfate. After centrifugation, fractions (ap-
proximately 3 ml) were collected from the bottom of
each gradient, and the DNA was ethanol precipitated
in the presence of 50 pug of yeast RNA per ml at-20°C
overnight. Precipitates were dissolved in E buffer (40
mM Tris-acetate, pH 7.5, 0.005 M sodium acetate,
0.001 M EDTA) for electrophoresis. A small sample of
each fraction was electrophoresed in a 1% agarose gel,
and Ki-MSV-specific DNA was detected by Southern
filter hybridization, using 3P-labeled Ki-MSV RNA as
a probe (31). Fractions containing the closed circular
form of Ki-MSV DNA were pooled and electropho-
resed in a 1% preparative agarose gel at 1 to 2 V/cm
for 10 to 20 h. HindIll-digested X DNA fragments
were run at the same time in the lanes at the two ends
of each gel. After electrophoresis, the lanes containing
marker DNAs were stained with ethidium bromide (1
Ag/ml) for 30 min. The area corresponding to the 4.3-
to 3.0-kbp region was determined from the positions
of marker DNA fragments, and this area was cut out
from each sample lane. The gel was dissolved in NaI,
and the DNA was adsorbed to glass beads and eluted
as described previously (32).

Bacteria and bacterial pla8mid pBR322. The
EK-2 certified host Escherichia coli X1776 and HB101
carrying plasmid pBR322 were generously provided
by P. Curtis and R. Weinmann, respectively, of the
Wistar Institute. E. coli X1776 was grown either in
liquid L broth (10 g of tryptone [Difco Laboratories,
Detroit, Mich.], 5 g of yeast extract, and 5 g of NaCl
per liter supplemented with 100 pg of diaminopimelic
acid per ml and 100 JUg of thymidine per ml or on L-
broth plates conta:ning 1% agar.

Preparation of plasmid DNA. Bacteria contain-
ing plasmids were grown to an absorbance at 650 nm
of 0.9 in L broth supplemented with diaminopimelic
acid and thymidine at 37°C with aeration. Chloram-
phenicol (12.5 pg/ml) was then added, and the cells
were incubated for an additional 5 h. Cells were col-
lected by centrifugation, and a cleared lysate was
prepared by the method of Katz et al. (16). The lysate
containing plasmid DNA was treated with 10 pug of
RNase A per ml for 30 min at 37°C and then with 100
pg of proteinase K per ml for another 30 min at 37°C.
This lysate was extracted with 2 volumes of a phenol-
chloroform mixture (1:1 [vol/vol] mixture of water-
saturated phenol and chloroform-isoamyl alcohol [24:
1, vol/vol]). The DNA was then ethanol precipitated
after 0.1 M (final concentration) NaCl was added. The

precipitate was dissolved in TE buffer (0.01 M Tris-
hydrochloride, pH 7.0, 0.01 M EDTA) and then cen-
trifuged with an SW41 rotor at 18°C for 4.5 h at 37,000
rpm in a 5 to 20% sucrose gradient in NTE buffer
containing 0.2% sodium dodecyl sulfate. Ribosomal
18S and 28S RNAs were centrifuged in a parallel
gradient. After centrifugation, fractions (1 ml) were
collected from the bottom of each gradient. The frac-
tions corresponding to 15S to 40S were pooled, and
the DNA was ethanol precipitated. The precipitate
was dissolved in TE buffer, and closed circular DNA
was further purified by cesium chloride-ethidium bro-
mide centrifugation as described previously (31).

Restriction enzyme digestion. All restriction en-
zymes used in these experiments were purchased from
New England Biolabs, Boston, Mass., Bethesda Re-
search Laboratories, Rockville, Md., or Boehringer
Mannheim Co., Indianapolis, Ind. DNAs were digested
according to the instructions of the suppliers.

Molecular cloning of circular DNA. All manip-
ulations were carried out in compliance with the Na-
tional Institutes of Health Guidelines for Recombinant
DNA Research in a P2 physical containment facility,
using the EK-2 host-vector system and E. coli X1776-
pBR322.
The closed circular pBR322 DNA was cleaved with

BamHI. This DNA was extracted with 2 volumes of
the phenol-chloroform mixture, treated with ethyl-
ether, ethanol precipitated, and dissolved in a small
volume of 0.01 M Tris-hydrochloride (pH 8.0). The
phosphate at the 5' end of the pBR322 DNA was
removed by treatment with bacterial alkaline phos-
phatase, as described previously (31).
The Ki-MSV closed circular DNA preparation was

also cleaved with BamHI, extracted with the phenol-
chloroform mixture, treated with ethylether, ethanol
precipitated, and dissolved in a small volume of 0.1
mM EDTA. Ligation was performed at 8°C for 24 h in
a 100-!d reaction mixture containing 66 mM Tris-hy-
drochloride (pH 7.5), 6.6 mM MgCl2, 0.2 mM ATP, 50
pg of bovine serum albumin per ml, 10mM dithiothre-
itol, 4 ug of BamHI-cleaved, bacterial alkaline phos-
phatase-treated pBR322 DNA per ml, 4 pug of the
BamHI-cleaved circular Ki-MSV DNA preparation
per ml, and 4 U of ligase (Bethesda Research Labo-
ratories). The ligated DNA was then transformed to
E. coli X1776 as described previously (9), except that
the transformation buffer was 30 mM sodium acetate
(pH 5.6)-70 mM MnCl2-30 mM CaCl2. The cells were
then spread onto plates of solid L broth containing 35
pg of ampicillin per ml. Colonies were picked up with
toothpicks, inoculated into pairs of plates, and incu-
bated at 37°C overnight. One plate of each pair was
used for colony hybridization as described by Grun-
stein and Hogness (13), using 3P-labeled Ki-MSV
RNA as a probe. The preparation of the [32P] RNA
probe and filter hybridization have been described
elsewhere (31). Colonies positive for hybridization
were picked up from the other plates and purified by
three cycles of single-colony isolation.
Agarose gel electrophoresis and Southern fil-

ter hybridization. Electrophoresis of DNA in a 1%
neutral agarose slab gel, staining with ethidium bro-
mide, transfer to a membrane filter, hybridization with
the [3P]RNA probe, and exposure of the filter to X-
ray film have been described previously (26, 31). For

VOL. 38, 1981



722 TSUCHIDA AND UESUGI

the detection of closed circular DNA, the gel was first
treated with 1 N acetic acid for 30 min. The DNA in
the gel was then denatured and processed as described
above. Unlabeled and 32P-labeled A DNAs cleaved
with HindIII were prepared and electrophoresed as
size markers, as described elsewhere (31).

Infectivity assay of cloned DNA. Recombinant
DNA was cleaved with a restriction enzyme, extracted
with the phenol-chloroform mixture, ethanol precipi-
tated, and dissolved in 0.1 mM EDTA. When the DNA
was cleaved with two enzymes, the ethanol precipitate
of the first digest was dissolved in the buffer for the
second restriction enzyme, digested with the enzyme,
and treated as described above.

Focus-forming activity of the digested DNA was
assayed on BALB3T3 celis by using a modification of
the calcium precipitation method described by Lowy
et al. (18). At 1 day before the transfection, 3 x 105
BALB3T3 cells were seeded onto 35-mm plates con-
taining Eagle minimal essential medium supplemented
with 10% fetal bovine serum and 10 ,ug of gentamicin
per ml. The enzyme-digested recombinant DNA was
mixed with 20 ug of salmon sperm DNA per ml in 0.5
ml of HEPES (N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid)-buffered saline. Then DNA was pre-
cipitated with 0.05 volume of 2.5 M CaCl2. After 20 to
30 min at room temperature, 0.2-ml samples of the
mixture were directly applied to two plates, each con-
taining 2 ml of fresh medium. The plates were incu-
bated for 4 h at 370C in a C02 incubator. The cells
were treated with 20% glycerol in Tris-saline buffer for
1 min, washed once with this buffer, and refed with
the fresh medium as described previously (11). Foci
were counted 10 to 14 days after transfection.

RESULTS
Characteristics of circular Ki-MSV DNA

used for molecular cloning. We have reported
elsewhere (31) that the linear and closed circular
forms of Ki-MSV DNA are synthesized in
NIH3T3 cells recently infected with Ki-MSV
and that the two forms are detected as 16S and
22 to 24S molecules, respectively, by neutral
sucrose gradient centrifugation. To characterize
the closed circular DNA further, each fraction
of a neutral sucrose gradient was examined for
Ki-MSV-specific DNA by agarose gel electro-
phoresis and by Southern filter hybridization,
using 32P-labeled Ki-MSV RNA as a probe. As
Fig. 1 shows, a peak of two faster-migrating Ki-
MSV DNA species about 4 kbp long was de-
tected in fraction 6 of the sucrose gradient, cor-
responding to 22S to 24S in sedimentation value;
21S 3H-labeled simian virus 40 form I DNA
sedimented between fractions 6 and 7 (data not
shown). A linear 7.0-kbp DNA species peak was
detected at fraction 8, corresponding to 16S. To
determine whether the faster-migrating species
were circular Ki-MSV DNA, the DNA species
from pooled fractions were recovered from the
agarose gel and treated with Ec,.±i, which
cleaves linear Ki-MSV DNA only once (31). The

two faster-migrating species were converted by
EcoRI to linearized DNA species that were 7
and about 6.5 kbp long (Fig. 2, lane 3), whereas
the linear 7.0-kbp DNA was converted to 4.0-
and 3.0-kbp fragments (Fig. 2, lane 1). These

Kbp
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FIG. 1. Detection of Ki-MSV DNA species in su-
crose gradient fractions by Southern filter hybridi-
zation. Hirt supernatant fractions (0.33 mg) from Ki-
MSV-infected cells were centrifuged in a 5 to 20%
sucrose gradient. In a parallel gradient, 3H-labeled
simian virus 40 form IDNA was centrifuged. A sam-
ple of each fraction was electrophoresed, the DNA
was transferred to a membrane filter and hybridized
to 32P-labeled Ki-MSV RNA, and the filter was
exposed to a X-ray film as described in the text.
[38PJDNA digested with HindIII (6 DNA markers)
was electrophoresed in lane M and treated as de-
scribed above.

FIG. 2. Southern filter hybridization of EcoRI-di-
gested lunear and closed circular Ki-MSVDNAs. The
linear and closed circular Ki-MSV DNAs were ex-
tracted from a gel as described in the text, digested
with EcoRI, electrophoresed together with 32P-la-
beled A DNA markers (lane a) in an agarose gel,
transferred to a membrane filter, and treated as
described in the legend to Fig. 1. Lane 1, LinearDNA
cleaved with EcoRI; lane 2, undigested linear DNA;
lane 3, closed circular DNA digested with EcoRI.
The numbers at the left indicate lengths (in kilobase
pairs).

J. VIROL.
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results indicated that two size classes of circular
Ki-MSV DNA were synthesized in almost equal
amounts soon after virus infection; one was in-
distinguishable in size from the linear DNA (Fig.
2, lane 2), and the other was approximately 0.5
kbp shorter than the linear DNA.
Molecular cloning of the circular form of

Ki-MSV DNA. To clone circular Ki-MSV DNA
into plasmid pBR322, a large amount of closed
circular Ki-MSV DNA was prepared from in-
fected cells and enriched first by Hirt extraction,
then by sucrose gradient centrifugation, and fi-
nally by neutral agarose gel electrophoresis.
During electrophoresis most of the nonsuper-
coiled DNA, which cosedimented with circular
Ki-MSV DNA in the sucrose gradient centrifu-
gation, migrated more slowly than the circular
Ki-MSV DNA (data not shown). Ki-MSV cir-
cular DNA enriched in this way was treated
with BamHI, which cleaves linear Ki-MSV
DNA once (31), and was ligated to the unique
BamHI site of pBR322 DNA. The ligated DNA
was then used to transform E. coli X1776. Ap-
proximately 7,000 colonies were obtained and
screened for the presence of Ki-MSV DNA se-
quences by using 3P-labeled viral RNA as a
probe. Four colonies (clones 2, 4, 6, and 7) posi-
tive for hybridization with the probe were se-
lected and analyzed further.

Size of the insertion. Circular recombinant
DNA was prepared from each clone, cleaved
with BamHI, electrophoresed in a 1% agarose
gel, and stained with ethidium bromide. As Fig.
3A shows, each recombinant DNA contained 4.4
kbp of pBR322 DNA and one of the following
three different-sized insertions: 7.0, 6.8, and
about 6.5 kbp. The sizes of the largest and small-
est insertions were indistinguishable from the
sizes of large and small circular DNAs, respec-
tively. When the BamHI digest of recombinant
DNA was transferred from the gel to a nitrocel-
lulose filter and hybridized with the 32P-labeled
Ki-MSV RNA probe, only the insertion DNA
was hybridized (Fig. 3B). Thus, clone 2, 4, 6, and
7 recombinant DNAs contained insertion DNAs
6.8, 7.0, about 6.5, and about 6.5 kbp long, re-
spectively, which had sequences related to the
Ki-MSV genome.
Restriction endonuclease maps of cloned

recombinant DNAs. To construct restriction
endonuclease maps, recombinant circular DNAs
were digested with one or two restriction en-
zymes (BamHI, EcoRI, HindI, SmaI, XbaI,
KpnI), the cleavage sites of which were deter-
mined on linear Ki-MSV DNA (31). The digests
were electrophoresed in a 1% agarose slab gel,
and the fragments produced were detected
either by ethidium bromide staining or by
Southem filter hybridization, using 3P-labeled
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FIG. 3. Agarose gel electrophoresis and Southern
filter hybridization of BamHI-digested recombinant
DNAs. Recombinant DNA (0.035 pg) was digested
with BamHI, electrophoresed together with unla-
beled and 32P-labeled A DNA markers in an agarose
gel, and stained with ethidium bromide, and theDNA
fragments were visualized by UV fluorescence (A).
The DNA fragments in the gel were transferred to a
membrane filter and treated as described in the leg-
end to Fig. I (B). The numbers at the top indicate the
recombinant DNA clones tested.

Ki-MSV RNA as a probe. The sizes of the frag-
ments were estimated, and restriction endonu-
clease maps were constructed (Fig. 4).

Since cloned insertion Ki-MSV DNAs were
obtained from circular molecules that had been
linearized at the BamHI site, the restriction
endonuclease maps of the inserted Ki-MSV
DNAs were expected to be pernutations of the
linear DNA. The restriction endonuclease anal-
ysis showed that the largest clone 4 insertion
met all of the predictions made from the per-
mutated map of Ki-MSV linear DNA (Fig. 4A,
B, and D). The restriction endonuclease maps of
the clone 2, 6, and 7 insertions were constructed
(Fig. 4C, E, and F, respectively) like the clone 4
insertion map. The clone 2, 6, and 7 insertions
were found to be 0.2, about 0.5, and about 0.5
kilobase (kb), respectively, smaller than the
clone 4 insertion. The clone 2 insertion met all
of the predictions made from the permutated
map of the linear DNA, except for the 0.2-kb
deletion inside the 1.2-kb SmaI fragment of the
linear DNA (Fig. 4A). When clone 2 DNA was
digested with SmaI or with SmaI plus BamHI
and the fragments produced were compared
with the clone 4 DNA digest, the 1.2-kb SmaI
fragment was replaced by a 1.0-kbp fragment in
the clone 2 DNA digest. Similarly, the 0.5-kbp
deletion of clone 6 insertion DNA was located
within the 1.2-kbp SmaI fragment (Fig. 4E).
This was suggested by the results of a size anal-
ysis of recombinant circular DNA digested with
SmaI. Interestingly, the EcoRI site was absent
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FIG. 4. Restriction endonuclease maps ofKi-MSV insertions. (A) Unintegrated linear Ki-MSV DNA. The
left and right ends correspond to the 5' and 3'polarities, respectively, of viral RNA. (B) Linear Ki-MSVDNA
permutated at the unique BamHI site. (C) Ki-MSV insertion of clone 2 recombinant DNA. (D) Ki-MSV
insertion of clone 4 recombinant DNA. (E) Ki-MSV insertion of clone 6 recombinant DNA. (F) Ki-MSV
insertion of clone 7 recombinant DNA. The restriction endonuclease maps of cloned insertion DNAs were
constructed from the results of the size analyses of restriction endonuclease fragments. The cleavage sites of
EcoRI (E), HindIII (H), SmaI (S), KpnI (K), BamHI (B), and XbaI (X) are shown. The open circles indicate
the putative junction points of the left and right ends of the linear DNA.

in the clone 6 insertion. EcoRI digestion of re-
combinant DNA resulted in only a single species
of about 11 kbp, which could be cleaved further
into fragments about 6.5 and 4.4 kbp long with
BamHI (data not shown). The finding that the
1.6-kbp fragment containing the EcoRI site was
produced by HindIII digestion of clone 6 DNA
suggested that the clone 6 insertion had a point
mutation, an addition, or a deletion of a short
segment in the EcoRI recognition sequence. A
comparison of the clone 7 recombinant DNA
digested with SmaI or KpnI and the digested
fragments of clone 4 DNA indicated that clone
7 insertion DNA lacked the 0.55-kbp SmaI or
KpnI fragment (Fig. 4F). It was this fragment
that contained sequences derived from both the
left end and the right end of linear Ki-MSV
DNA.
Transfection with recombinant Ki-MSV

DNA. To determine whether clone 4 Ki-MSV,
which was the same size as linear Ki-MSV DNA,
was biologically active, circular Ki-MSV-
pBR322 recombinant DNA was cleaved with
BamHI and was used to transfect BALB3T3

fibroblasts by the calcium precipitation method
(19). When 0.15 ug of clone 4 Ki-MSV DNA was
transfected, four to five foci were produced,
whereas none was produced with pBR322 DNA
(Table 1). This suggested that clone 4, in which
Ki-MSV DNA was inserted at the BamHI site,
had transforming activity. To determine
whether the site of insertion was critical for
transforming ability (as it is for Harvey MSV
DNA [4, 8]), we inserted Ki-MSV at another
site (EcoRI) and recloned the molecule. Clone
4 DNA was digested with BamHI and electro-
phoresed in an agarose gel, and the insertion was
isolated from the gel. The insertion DNA was
then circularized with ligase, cleaved with
EcoRI, reinserted at the EcoRI site of pBR322
DNA, and used to transform E. coli X1776. Re-
combinant DNA prepared in this way was des-
ignated clone 4(E) DNA. To ensure that Ki-
MSV was inserted at the EcoRI site of pBR322
and that the insertion DNA retained the original
BamHI site, the circular recombinant DNAs
were digested with EcoRI or with EcoRI plus
BamHI. The EcoRI-digested clone 4(E) DNA

J. VIROL.
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TABLE 1. Transfection ofBALB3T3 cells with cloned Ki-MSVDNAa
Source of recombinant Re8stiction enzyme Amt of DNA Amt of KI-MSV No. of foci per No. of foci per jg

DNA (ug/plate) DNA (ug/plate)b plate' of Ki-MSV DNA
Clone 4 BamHI 0.25 0.15 4.5 30
Clone 4(E) EcoRI 0.35 0.22 54.5 248
pBR322 BamHI 0.25 0.0 <0.5 <3

aRecombinant DNA or pBR322 DNA was digested with a restriction enzyme and transfected to BALB3T3
cells, and the foci produced were counted as described in the text.

b Amount (in micrograms) of recombinant DNA x (molecular weight of Ki-MSV insertion DNA/molecular
weight of recombinant DNA).

c Mean of duplicate plates.

produced 4.35-kbp pBR322 DNA and a 7.0-kbp
Ki-MSV insertion that was cleaved further into
3.9- and 3.1-kbp species with BamHI. Clone 4(E)
DNA was cleaved with EcoRI and was used to
transfect BALB3T3 cells (Table 1). The focus-
forming ability of the clone 4 insertion increased
eightfold after the reinsertion of Ki-MSV DNA
at the EcoRI site, suggesting that the BamHI
site of Ki-MSV was important for the initiation
of transformation or the maintenance of trans-
fornation or both.
To determine whether the transformation by

Ki-MSV DNA molecules involved more than
one of these molecules, BALB3T3 cells were
transfected with different concentrations of
EcoRI-digested clone 4(E) DNA, and the foci
produced were counted (Fig. 5). The number of
foci increased almost linearly with the concen-
tration of Ki-MSV insertion DNA. Thus, the
majority of the foci produced by clone 4(E)
insertion DNA appeared to result from a single
infectious molecule.
The sites of the Ki-MSV genome involved in

transformation were studied further. Clone 4(E)
recombinant DNA was digested with various
restriction enzymes. More than 99% digestion
was ensured by electrophoresing 0.5 ,ug of the
digest in an agarose gel and staining with ethid-
ium bromide; under these conditions, less than
0.005 ,ug of DNA was detected (data not shown).
The digested DNA was then used to transfect
BALB3T3 cells. As Fig. 6 shows, the number of
foci produced by the transfection of HindIII-
digested DNA was one-half the number of foci
produced by EcoRI-digested DNA. However,
when EcoRI-digested DNA was cleaved further
with XbaI or with PvuII and used to transfect
BALB3T3 cells, no foci were produced. The
restriction sites of HindIII, XbaI, and PvuII
were determined from size analyses of the re-
striction fragments and from the assumption
that the restriction sites of the insertion DNA
mapped as a permutation of the linear DNA at
the EcoRI site. The results of the transfection
experiment suggested that two HindIII sites
which mapped at 2.1 and 3.7 kb from the right
end of the linear DNA were not essential for the

II100.

10 X

FIG. 5. Titration kinetics for focus-forming activ-
ity of EcoRI-digested clone 4(E) recombinant DNA.
Different concentrations of EcoRI-digested DNA
were used to transfect, and foci were counted as
described in the text. The abscissa shows the amount
ofKi-MSV insertion DNA transfected, and the ordi-
nate shows the number offoci formed.
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FIG. 6. Focus-forming activity ofclone 4(E) recom-
binant DNA cleaved with restriction enzymes. Clone
4(E) recombinant DNA (0.3 pg) was digested with one
or two restriction enzymes and used to transfect
BALB3T3 cells on duplicate plates, and foci were
counted as described in the text. The restriction en-
donuclease sites on insertion DNA for EcoRI (E),
XbaI (X), HindIII (H), and PvuII (P) are shown on
line a. The open circles indicate theputativejunction
points of the left and right ends of the linear DNA. R
and L indicate the right and the left fragments,
respectively, ofEcoRI-digested linear Ki-MSVDNA.

initiation and maintenance of viral transforma-
tion, but that at least one XbaI site and one
PvuII site were involved in the initiation of
transformation or maintenance of transforma-
tion or both.
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DISCUSSION
We identified two size classes of Ki-MSV cir-

cular DNA in NIH3T3 cells recently infected
with Ki-MSV. One of the circular DNAs was 7.0
kbp long and thus indistinguishable from linear
Ki-MSV DNA, and the other circular DNA was
about 0.5 kbp shorter. The circular DNA species
were enriched from the infected cells by Hirt
extraction, sucrose gradient centrifugation, and
agarose gel electrophoresis and then linearized
with BamHI, inserted into plasmid pBR322, and
transformed to E. coli X1776. This procedure
enabled us to isolate four clones carrying Ki-
MSV-pBR322 recombinant DNA from 7,000
colonies.
Clone 4 DNA had the largest insertion, with

a size indistinguishable from the size of a large
circular DNA molecule and from the size of the
linear Ki-MSV DNA synthesized in vivo. In
addition, the results ofa restriction enzyme anal-
ysis of clone 4 DNA agreed favorably with the
results predicted from the permutated linear Ki-
MSV DNA map. Thus, the clone 4 insertion was
most probably derived from the large circular
DNA, which was joined head to tail at the two
ends of the linear DNA.
Clone 7 DNA had the 0.55-kbp deletion, and

the size of the insertion was indistinguishable
from the size of a small circular DNA synthe-
sized in vivo. The restriction enzyme analyses
showed that the 0.55-kbp SmaI or KpnI frag-
ment was absent. We conclude that clone 7 Ki-
MSV DNA contains only one copy of the LTR
sequence and that clone 4 DNA contains two
copies. This conclusion is based on the finding
that the 0.55-kbp SmaI or KpnI fragment con-
tains both the left end and the right end of the
linear DNA and on other studies, which describe
small and large circular DNA molecules contain-
ing one and two copies, respectively, of LTR
sequences (14, 23, 28, 29, 34). The preliminary
finding that both 1.2- and 0.55-kbp SmaI frag-
ments produced 145-, 95-, and 45-base pair spe-
cies after HpaII digestion offers additional sup-
port for this view. Thus, it appears that the 1.2-
kbp SmaI fragment contains a part of the LTR
sequence and that the 0.55-kbp SmaI or KpnI
fragment contains a sequence corresponding to
a single copy of the LTR sequence.
Clone 2 and 6 insertions had deletions of 0.2

and 0.5 kbp, respectively, inside the 1.2-kbp
SmaI fragment. It is not yet clear whether these
deletions are located inside or outside of the
LTR sequence, as the structures of these se-
quences are similar to insertion sequences of
transposons (6, 21, 25, 27) and a deletion is
frequently observed next to an insertion se-
quence of a transposon (19, 27).

Clone 4 DNA induced foci when the DNA was
used to transfect BALB3T3 cells. Preliminary
results showed that all of the RNAs extracted
from cells of several isolated foci that were in-
duced by clone 4(E) DNA contained Ki-MSV-
specific sequences, as judged by hybridization
with Ki-MSV complementary DNA. Thus, the
clone 4 Ki-MSV insertion is able to transform
mouse cells. Results of transfections by the
EcoRI-inserted Ki-MSV DNA cleaved with var-
ious restriction enzymes suggested that the 1.6-
kbp HindIII fragment is not essential for the
initiation and maintenance of transformation.
Besides, the finding that XbaI, PvuII, and
BamHI, which cleave within the 3.3-kbp
HindIII left end fragment of linear Ki-MSV
DNA, decrease or abolish the transforming ac-
tivity of clone 4(E) DNA suggests that the region
essential for transforming activity of Ki-MSV is
probably located within the first 3.3-kbp region
of the left end of linear DNA. The findings that
the first 3.0-kb region from the 3' end of the
Harvey MSV genome is not essential for trans-
forming activity (4, 8, 33) and that the first 3.7-
kbp regions from the right ends of Ki-MSV and
Harvey MSV linear DNAs are homologous also
support this view.
The 3.3-kbp left end region of linear Ki-MSV

DNA appears to contain the LTR sequence, the
0.7-kb sequence at the 5' end of viral RNA which
is homologous in the Ki-MSV and Harvey MSV
genomes, and the region of nonhomology in
these viral genomes (5, 31). The precise location
of the region which encodes the transformation
gene product(s) is not yet known. The p21 pro-
tein responsible for transformation by Ki-MSV
(24) may be coded in either the 0.7-kb homolo-
gous region or the nonhomologous region or
both.

ACKNOWLEDGMENTS
We thank K. Huebner, A. Tanaka, G. Vecchio, and Marina

Hoffman for helpful discussions and suggestions and Judith
Erickson for typing.

This work was supported by Public Health Service grants
CA-22701 and CA-21124 from the National Institutes of
Health.

LITERATURE CITED
1. Aaronson, S. A., and G. J. Todaro. 1968. Development

of 3T3-like lines from BALB/c mouse embryo cultures:
transformation susceptibility to SV40. J. Cell. Physiol.
172:141-148.

2. Andersson, P., M. P. Goldfarb, and R. A. Weinber.
1979. A defined subgenomic fragment of in vitro syn-
thesized Moloney sarcoma virus DNA can induce cell
transformation upon transfection. Cell 16:63-75.

3. Canaani, E., K. C. Robbins, and S. A. Aaronson. 1979.
The transforming gene of Moloney murine sarcoma
virus. Nature (London) 282:378-383.

4. Chang, E. H., R. W. Ellis, E. Scolnick, and D. R.
Lowy. 1980. Transformation by cloned Harvey murine

J. VIROL.



CLONING OF Ki-MSV DNA 727

sarcoma virus DNA: efficiency increased by long ter-
minal repeat DNA. Science 210:1249-1251.

5. Chien, Y.-EL, M. Lai, T. Y. Shih, I. M. Verma, E. ML
Scolnick, P. Roy-Burman, and N. Davidson. 1979.
Heteroduplex analysis of the sequence relationships
between the genomes of Kirsten and Harvey sarcoma
viruses, their respective parental murine leukemia vi-
nrses, and the rat endogenous 30S RNA. J. Virol. 31:
752-760.

6. Dhar, R., W. L McClements, L W. Enquist, and G.
F. Vande Woude. 1980. Nucleotide sequences of inte-
grated Moloney sarcoma provirus long terminal repeats
and their host and viral junctions. Proc. Natl. Acad. Sci.
U.S.A. 77:3937-3941.

7. Dina, D. G., K. Beemon, and P. Duesberg. 1976. The
30S Moloney sarcoma virus RNA contains leukemia
virus nucleotide sequences. Cell 9:299-309.

8. Elis, R. W., D. DeFeo, J. M. Maryak, H. A. Young, T.
Y. Shih, E. EL Chang, D. R. Lowy, and E. ML Scol-
nick. 1980. Dual evolution origin for the rat genetic
sequences of Harvey murine sarcoma virus. J. Virol. 36:
408-420.

9. Enea, V., G. F. Vovis, and N. D. Zinder. 1975. Genetic
studies using heteroduplex DNA of bacteriophage fl.
Asymmetric segregation, base correction and implica-
tions for the mechanism of genetic recombination. J.
Mol. Biol. 96:495-509.

10. Frankel, A. E., and P. J. Fishinger. 1977. Rate of
divergence of cellular sequences homologous to seg-
ments of Moloney sarcoma virus. J. Virol. 31:153-160.

11. Frost, E., and J. Williams. 1978. Mapping temperature-
sensitive and host-range mutations of adenovirus type
5 by marker rescue. Virology 91:39-50.

12. Goldfarb, ML P., and R. A. Weinberg. 1979. Physical
map of biologically active Harvey sarcoma virus unin-
tegrated linear DNA. J. Virol. 32:30-39.

13. Grunstein, M., and D. S. Hogness. 1975. Colony hybrid-
ization: a method for the isolation of cloned DNAs that
contain a specific gene. Proc. Natl. Acad. Sci. U.S.A.
72:3961-3965.

14. Hager, G. L., E. H. Chang, H. W. Chan, C. F. Garon,
M. A. Israel, M. A. Martin, E. M. Scolnick, and D.
R. Lowy. 1979. Molecular cloning of the Harvey sar-
coma virus closed circular DNA intermediates: initial
structural and biological characterization. J. Virol. 31:
795-809.

15. Hirt, B. 1967. Selective extraction of polyoma DNA from
infected mouse cell structures. J. Mol. Biol. 26:365-369.

16. Katz, L, D. T. Kingsbury, and D. R. Helinski. 1973.
Stimulation by cyclic adenosine monophosphate of
plasmid deoxyribonucleic acid replication and catabo-
lite repression of the plasmid deoxyribonucleic acid-
protein relaxation complex. J. Bacteriol. 114:577-591.

17. Kirsten, W. H., and L A. Mayer. 1966. Morphological
responses to a murine erythroblastosis virus. J. Natl.
Cancer Inst. 39:311-335.

18. Lowy, D. R., E. Rands, and E. M. Scolnick 1978.
Helper-independent transformation by unintegrated
Harvey sarcoma virus DNA. J. Virol. 26:291-298.

19. Ohtsubo, H., H. Ohmori, and E. Ohtsubo. 1978. Nu-
cleotide sequence analysis of TN 3(Ap): implications
for insertion and deletion. Cold Spring Harbor Symp.
Quant. Biol. 43:1269-1277.

20. Oskarsson, M., W. L McClements, D. G. Blair, J. V.

Maisel, and G. F. Vande Woude. 1980. Properties of
a normal mouse cell sequence (sarc) homologous to the
src sequences of Moloney sarcoma virus. Science 207:
1222-1224.

21. Sabran, J. L., T. W. Hsu, C. Yeater, A. Kaji, W. S.
Mason, and J. M. Taylor. 1979. Analysis of integrated
avian RNA tumor virus DNA in transformed chicken,
duck, and quail fibroblasts. J. Virol. 29:170-178.

22. Scolnick, E. M., E. Rands, D. Williams, and W. P.
Parks. 1973. Studies on the nucleic acid sequences of
Kirsten sarcoma virus: a model for formation of a mam-
maLian RNA-containing sarcoma virus. J. Virol. 12:458-
463.

23. Shank, P. R., S. H. Hughes, H.-J. Kung, J. E. Majors,
N. Ounitrell, R. V. Guntake, J. M. Bishop, and H.
E. Varmus. 1978. Mapping of avian sarcoma virus
DNA: termini of linear DNA bear 300 nucleotides pres-
ent once or twice in two species of circular DNA. Cell
16:1383-1395.

24. Shih, T. Y., M. 0. Weeks, H. A. Young, and E. M.
Scolick. 1979. Identification of a sarcoma virus-coded
phosphoprotein in nonproducer cells transformed by
Kirsten or Harvey murine sarcoma virus. Virology 96:
64-79.

25. Showemaker, C., S. Goff, E. Gilboa, M. Paskind, S.
W. Mitra, and D. Baltimore. 1980. Structure of a
cloned circular Moloney murine leukemia virus DNA
molecule containing an inverted segment: implications
for retrovirus integration. Proc. Natl. Acad. Sci. U.S.A.
77:3932-3936.

26. Southern, E. M. 1975. Detection of specific sequences
among DNA fragments separated by gel electrophore-
sis. J. Mol. Biol. 98:503-517.

27. Starlinger, J. 1980. IS elements and transposons. Plas-
mid 3:241-259.

28. Taylor, J. M. 1979. DNA intermediates of avian RNA
tumor viruses. Curr. Top. Microbiol. Immunol. 87:23-
41.

29. Tronick, S. R., K. C. Robbins, E. Canaani, S. G.
Devare, P. R. Andersen, and S. A. Aaronson. 1979.
Molecular cloning of Moloney murine sarcoma virus:
arrangement of virus-related sequences within the nor-
mal mouse genome. Proc. Natl. Acad. Sci. U.S.A. 76:
6314-6318.

30. Tsuchida, N., R. V. Gilden, and M. Hatanaka. 1974.
Sarcoma virus-related RNA sequences in normal rat
cells. Proc. Natl. Acad. Sci. U.S.A. 71:4503-4507.

31. Tsuchida, N., R. Kominami, M. Hatanaka, and S.
Uesugi. 1981. Identification of unintegrated forms of
Kirsten murine sarcoma viral DNA and restriction en-
donuclease cleavage map of linear DNA. J. Virol. 38:
797-803.

32. Vogelstein, B., and D. Gillespie. 1979. Preparative and
analytical purification ofDNA from agarose. Proc. Natl.
Acad. Sci. U.S.A. 76:615-619.

33. Wei, C.-M., D. R. Lowy, and E. M. Scolnick. 1980.
Mapping of transforming region of the Harvey murine
sarcoma virus genome by using insertion-deletion mu-
tants constructed in vitro. Proc. Natl. Acad. Sci. U.S.A.
77:4674-4678.

34. Yoshimura, F., and R. A. Weinberg. 1979. Restriction
endonuclease cleavage of linear and closed circular mu-
rine leukemia viral DNAs: discovery of a small circular
forn. Cell 16:323-332.

VOL. 38, 1981


